The diagnosis of smear-negative and culture-negative patients with active tuberculosis (TB) is challenging. The detection of Mycobacterium tuberculosis-specific antibodies in human sera has been an important diagnostic aid. However, detection of antibody responses to a single antigen usually has a low sensitivity for diagnosis of TB. In this study, humoral immune responses against recombinant M. tuberculosis 38-kDa, MTB48, and CFP-10/ESAT-6 (culture filtrate protein 10/6-kDa early secreted antigen target of M. tuberculosis) antigens in 250 Chinese TB patients and 260 healthy subjects were evaluated by an enzyme-linked immunosorbent assay (ELISA). The levels of antibodies against those antigens in TB patients, even in bacterium-negative ones, were significantly higher than those in healthy subjects (P < 0.001). The serodiagnostic sensitivities to detect antibodies against individual antigens, i.e., recombinant M. tuberculosis 38-kDa, MTB48, and CFP-10/ESAT-6 antigens, in TB patients were 73.6%, 73.2%, and 60.4%, respectively, with specificities of 85.4%, 77.7%, and 73.8%, respectively. Importantly, the sensitivity to positively detect humoral responses to one of the antigens increased further. Our data suggest that the humoral immune responses to M. tuberculosis antigens in TB patients are heterogeneous. The 38-kDa, MTB48, and CFP-10/ESAT-6 antigens can be used as the cocktail antigens in the serodiagnosis of active TB, especially for smear-or culture-negative TB cases. a r38kD, recombinant 38-kDa antigen. b P Ͻ 0.05 versus PPD Ϫ controls determined by 2 test. c P Ͻ 0.001 versus healthy controls determined by 2 test.
The control of tuberculosis (TB) remains challenging in China (18) . Currently, the diagnosis of active TB mainly relies on clinical symptoms, radiologic findings, and the detection of Mycobacterium tuberculosis in clinical samples using smear staining and mycobacterial culture. However, the diagnosis of TB in smear-and culture-negative TB patients is difficult. The detection of M. tuberculosis-specific antibodies in human sera has been an important aid in diagnosis of TB. Notably, several antigens have been demonstrated to have merit in TB diagnosis, including the 38-kDa protein, which is commonly used in serodiagnostic tests (4, 5, 8, 13, 19, 22, 23) . Previous studies suggest that the antibody responses to M. tuberculosis antigens are heterogeneous among individuals (17) so that the detection of antibodies against a single antigen usually has a low sensitivity for diagnosis of TB, especially for bacterium-negative cases. Therefore, it may be valuable to evaluate antibodies against the 38-kDa antigen and other major antigens for the diagnosis of active TB (14, 15) .
Notably, the MTB48, CFP-10 (culture filtrate protein 10), and ESAT-6 (6-kDa early secreted antigen target of M. tuberculosis) genes are conserved in M. tuberculosis and Mycobacterium bovis isolates but partially deleted or absent in M. bovis BCG as well as in most nontuberculous mycobacteria (NTM) (1-3, 10, 16) . Importantly, the proteins encoded by these genes are immunogenic (7, 9, 12, 16) . In this study, we cloned the 38-kDa, MTB48, CFP-10, and ESAT-6 genes and generated recombinant 38-kDa, MTB48, and CFP-10/ESAT-6 fusion proteins in Escherichia coli. Subsequently, we developed an enzyme-linked immunosorbent assay (ELISA) for the characterization of serum antibodies against 38-kDa, MTB48, and CFP-10/ESAT-6 antigens in a population of 250 active TB patients and 260 healthy subjects. We found that characterization of antibodies against multiple M. tuberculosis antigens were valuable for the diagnosis of active TB.
formation into E. coli BL21(DE3), respectively. The CFP-10 and ESAT-6 DNA fragments were used as the templates, together with a DNA strand linker encoding glycine-glycine-glycine-glycine-serine-glycine-glycine-glycine-glycine-serine-glycine-glycine-glycine-glycine-serine, for generating the CFP-10-ESAT-6 fused gene by PCR using the following primers: forward (5Ј-CCGGATCCATG GCAGAGATGAAGAC-3Ј) and reverse (5Ј-CCAAGCTTTGCGAACATCCC AGTGA-3Ј). The PCR products were digested with BamHI and HindIII, gel purified, and cloned into pET-28a (Novagen, San Diego, CA), followed by transformation into E. coli BL21(DE3). After DNA sequencing, individual transformants were cultured in LB medium containing kanamycin (50 g/ml) overnight and treated with 1 mM isopropyl-␤-D-thiogalactopyranoside (IPTG) for 4 h to induce the expression of recombinant proteins. The recombinant proteins were purified by metal chelate column chromatography using Ni-nitrilotriacetic acid (Ni-NTA) resin, according to the manufacturer's protocol (Qiagen). The concentrations of the recombinant proteins were determined by spectrometry, and their molecular weights and purities were estimated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and Coomassie brilliant blue, as described previously (21) . Individual preparations with a purity of Ͼ 90% were further aliquoted at 1 mg/tube, lyophilized, and then stored at Ϫ80°C.
Collection of blood samples. Blood samples were collected from individual TB patients in the hospital and control subjects at the clinical laboratory of the 309th Hospital of Chinese PLA from January to April 2007, and their sera were prepared by centrifugation and then stored at Ϫ80°C. The clinical data were surveyed retrospectively. A total of 250 serum samples were selected from the patients with pulmonary TB, including 119 sera from smear-or culture-positive patients and 131 from smear-or culture-negative patients confirmed retrospectively. The acid-fast staining of bacillus smears and mycobacterial culture of sputa were performed in our laboratory according to the Chinese Laboratory Science Procedure of Diagnostic Bacteriology in Tuberculosis (6) . An additional 260 serum samples from healthy volunteers were selected and used as controls. All patients and healthy controls in this study were negative for HIV antibodies. This study was performed in accordance with the guidelines of the Research Ethics Committee of the 309th Hospital of Chinese PLA.
PPD skin tests. The purified protein derivative (PPD) from M. tuberculosis (50 IU/ml) was purchased from Beijing Gaoke Life and Technology, China. Healthy individuals or subjects were injected intradermally with 0.1 ml of 5 IU PPD in the left forearm (Mantoux technique). The diameters of both axes of skin induration were measured and recorded by a certified doctor 72 h postinjection. A positive response to PPD was defined as an induration greater than 5 mm in diameter.
ELISA. The humoral responses of individual subjects to M. tuberculosis antigens were determined by an ELISA as described previously (10) . In brief, individual recombinant proteins (10 g/well) were used to coat the wells in 96-well microtiter plates (Nunclon; Nunc, Roskilde, Denmark) overnight at 4°C. After the wells were washed, they were blocked with 1% bovine serum albumin (BSA) in phosphate-buffered saline (PBS) for 1 h at room temperature. Subsequently, individual serum samples (1:100) were added in triplicate to the wells and incubated for 1 h at 37°C. After the wells were washed, the bound antibodies were detected by horseradish peroxidase (HRP)-conjugated goat-anti-human IgG (1:10,000) for 1 h at 37°C and developed with o-phenylenediamine and hydrogen peroxide, followed by the addition of 2 mol/liter sulfuric acid and measurement at an optical density of 492 nm (OD 492 ) in an ELISA plate reader.
Data management and statistical analysis. All data were entered into a Microsoft Office Excel file. The mean and standard deviation of the optical density of individual groups for antibody responses to each of the M. tuberculosis antigens were calculated. The differences between the values for the groups were analyzed by Student t test. Furthermore, the receiver operating characteristic (ROC) curves of the optical density values for antibody responses to each M. tuberculosis antigen were plotted using SPSS 9.06 software and the area under the curves and 95% confidence intervals (95% CIs) for responses to each M. tuberculosis antigen were calculated. In addition, the optimal cutoff values were chosen when Youden's index (sensitivity ϩ specificity Ϫ 1) was maximum. Subsequently, individuals were scored as positive for the specific antibody response when his/her optical density value was greater than or equal to the cutoff value, and the positive rates and 95% CIs of individual groups for antibody responses to each M. tuberculosis antigen were calculated and differences for the values of the groups were analyzed by 2 test.
RESULTS

M. tuberculosis antigens.
After the DNA fragments were cloned by PCR, the individual positive colonies, which expressed each recombinant protein with six consecutive histi-dine residues at the carboxyl terminus, were confirmed by DNA sequencing. Expression of the recombinant 38-kDa, recombinant MTB48 (rMTB48), and recombinant CFP-10/ ESAT-6 (rCFP-10/ESAT-6) antigens were induced in E. coli BL21(DE3), and the recombinant proteins were purified using metal-chelate affinity chromatography. Individual preparations of recombinant protein antigens with a purity of Ͼ90% were used for subsequent experiments. The successful generation of recombinant 38-kDa, rMTB48, and rCFP-10/ESAT-6 proteins provided a basis for the characterization of antibody responses in different groups of subjects by an ELISA.
Serum antibody reactivities to M. tuberculosis antigens. The levels of antibodies against the recombinant 38-kDa, rMTB48, and rCFP-10/ESAT-6 antigens in individual sera were measured by an ELISA. The levels of antibodies against the recombinant 38-kDa, rMTB48, and rCFP-10/ESAT-6 antigens in TB patients were significantly higher than those in healthy controls (P Ͻ 0.001) ( Table 1 ). Furthermore, antibody responses to those antigens in the bacterium-positive TB patients were stronger than those in the bacterium-negative TB patients (P Ͻ 0.05). Importantly, the levels of antibodies against these antigens in bacterium-negative TB patients were significantly higher than those in healthy controls (P Ͻ 0.001). In addition, the levels of antibodies against the recombinant 38-kDa antigen and rMTB48, but not rCFP-10/ESAT-6, in the PPD-positive subjects were significantly higher than those in the PPD-negative ones (P Ͻ 0.05). Apparently, characterization of antibodies against those M. tuberculosis antigens can effectively distinguish between TB patients and healthy controls.
Furthermore, individual values of antibodies against recombinant 38-kDa, rMTB48, and rCFP-10/ESAT-6 antigens were used for the generation of ROC curves (data not shown). The areas under the curves and 95% CIs were calculated in Table  2 . Accordingly, the optimal cutoff values of the optical densities of antibody responses to the 38-kDa, MTB48, and CFP-10/ESAT-6 antigens for diagnosing TB patients were 0.0852, 0.0718, and 0.0690, respectively. As a result, the sensitivities of detecting antibody responses to the 38-kDa, MTB48, and CFP- 10/ESAT-6 antigens were 61.2%, 74.4%, and 73.2%, respectively, and the specificities were 85.4%, 77.7%, and 73.8%, respectively. The overall positive rates of the detection of antibodies against recombinant 38-kDa, rMTB48, and rCFP-10/ ESAT-6 antigens by an ELISA were calculated in Table 3 .
Clearly, the positive rates in active TB patients were significantly higher than those in healthy controls (P Ͻ 0.001), and the values in the PPD-positive subjects were significantly higher than those in the PPD-negative subjects (P Ͻ 0.05). Importantly, the positive rates for antibody responses to two or more antigens were significantly higher than those to single antigen (P Ͻ 0.05), respectively. Therefore, characterization of serum antibody responses to multiple antigens may be valuable for the diagnosis of M. tuberculosis infection and TB in patients.
DISCUSSION
Although the role of humoral immunity in host defense against M. tuberculosis is poorly understood, the M. tuberculosis-specific antibodies were present in TB patients, suggesting that serological characterization of M. tuberculosis-specific antibodies may be valuable in the diagnosis of TB in humans. In this study, we successfully generated the recombinant 38-kDa, rMTB48, and rCFP-10/ESAT-6 proteins and evaluated their diagnostic potential by ELISA in detecting antibodies against M. tuberculosis antigens in sera from confirmed TB cases and healthy controls. We found higher levels of antibodies against individual recombinant 38-kDa, rMTB48, and rCFP-10/ ESAT-6 antigens in patients with active TB than in healthy controls, consistent with a previous report (17) . The levels of antibodies against these antigens in bacterium-positive TB patients were significantly higher than those in bacterium-negative patients. Importantly, the levels of antibodies against these antigens in bacterium-negative TB patients were significantly higher than those in healthy controls, indicating their values in the diagnosis of smear/culture-negative patients (11, 19, 20, 22) . Therefore, characterization of serum antibodies against recombinant 38-kDa, rMTB48, and rCFP-10/ESAT-6 antigens are effective in the diagnosis of TB in M. tuberculosis smearand culture-negative and -positive patients in the clinic.
Further analysis revealed that the sensitivities of the ELISA for detecting humoral immune responses to the recombinant 38-kDa, rMTB48, and rCFP-10/ESAT-6 antigens were 61.2%, 74.4%, and 73.2%, respectively, with specificities of 85.4%, 77.7% and 73.8%, respectively. Importantly, the positive rates of the ELISA in active TB patients were significantly higher than those in healthy controls (P Ͻ 0.001), and the positive rates for antibody responses to two or more antigens were significantly higher than those to single antigen (P Ͻ 0.05). Therefore, characterization of antibody responses to two or more M. tuberculosis antigens can sensitively differentiate patients with active TB from healthy controls. Notably, the sensitivities for detection of antibodies against these antigens in our assays were higher than those reported previously (5, 9, 10, 12, 13, 16) . The high sensitivity may stem from different genetic backgrounds of the individuals studied or different antigens used in the assays. We are interested in further directly comparing the commercial antigens if available and the antigens we generated in characterizing humoral immune responses.
We found that the levels of antibodies against recombinant 38-kDa or rMTB48 antigen and the positive rate in PPDpositive healthy controls were significantly higher than those in PPD-negative ones. These results indicated that some subjects might be at a latent stage of M. tuberculosis infection or recovering from previously unrecognized TB. Alternatively, the humoral immune responses to those antigens in the PPD-positive subjects may result from previous BCG vaccination, as infection with mycobacteria can induce long-term memory responses in humans.
A serological test with appropriate sensitivity and specificity can have significant advantages over currently available tests. Therefore, characterization of antibody responses to multiple M. tuberculosis antigens should aid in the diagnosis of active TB in clinic. We are interested in further simultaneous evaluation of the serological assay, TST, and the Quantiferon test in a larger population. In summary, our data suggest that characterization of antibodies against 38-kDa, MTB48, and CFP-10/ESAT-6 antigens can increase the sensitivity and specificity for the diagnosis of active TB. Therefore, these M. tuberculosis antigens can be used as cocktail antigens in the serodiagnosis of active TB, especially for smear-or culture-negative TB cases. We are interested in further screening and evaluating the serological responses to other antigens to identify the optimal combinations of antigens and/or polyproteins for the sensitive and specific diagnosis of active TB.
